A phase shifting mask pattern consisting of an Airy pattern multiplied by a linear phase progression is introduced as a quantitative monitor for the angular distribution of illumination in optical projection printing. The proximity effect spill-over from the pattern rings is in phase at the center position only for illumination from the designed off-axis illumination direction. Thus, a quantitative analysis of the intensity in a particular pupil location is available simply by measuring intensity at the center of the pattern. A theoretical analysis is presented and image simulation studies are made of an implementation based on four-phase mask making. The results show that the signal strength is high (about 1/3 to 1/5 of the clear field intensity per ring), the angular discrimination is good (about 0.5/ring number), and that LPRs are reasonably unaffected by aberrations. Mask requirements suggest this technique is most advantageous for monitoring dipoles or quadrupoles. Since the targets print at normal exposure levels, they may also be included on product wafers to fingerprint the illumination during production.
Introduction
As processing requirements become increasingly stringent, lithographers are required to fine-tune every parameter of the projection printing tool. One such parameter that has gained attention in recent years is the illuminator's fill of the pupil. 1 Since the pupil plane is generally inaccessible to the user, indirect measurement techniques are required to characterize the pupilfill. In 1997, Progler and Kirk introduced a measurement technique based on the concept of the pinhole camera, which builds a map of the pupil-fill with source-image dose contours. 2 Variations emerged such as Sato's grating pinhole 3 and Litel's Source Metrology Instrument. 4 In a recent paper, the authors have introduced a linear phase grating for monitoring intensity in each quadrant of the illuminator. 5 This paper introduces a new technique to monitor illumination based on coherent spillover at a central target position from surrounding concentric rings. To account for the linear phase variation from a given off-axis position, a complimentary linear phase variation is introduced in the design of the so named linear phase ring (LPR) illumination monitors. For analysis of certain small illuminators, a sub-printable, interferometric probe placed at the LPR center increases signal strength and sensitivity. LPR operation is similar in principle to receiving a signal with a circular aperture antenna, except that the summation is weighted by the proximity spillover. The key issues are signal strength, angular discrimination, and orthogonality to aberrations. The advantage of this technique is that analysis of the illuminator has been transferred to the mask pattern. Each LPR is designed to analyze only a single illumination frequency incident on the mask, allowing a fast and easy measurement of illumination schemes such as quadrupole and dipole. The measurement only consists of determining intensity at the center of the LPR. Furthermore, the LPR can be used on a special test mask or embedded in the scribe line of an actual production mask layout, although cost may be an issue.
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Draft: Submitted to J.Vac. Sci. Technol B Section 2 of this paper introduces the concept of the LPR and shows how it acts as a detector for illumination in a particular location of the pupil. In Section 3, a theory of the LPR's sensitivity, based on the proximity effect, is developed and predicts the amount of electric field coherently spilled into the center of the pattern. This theory is then applied to develop two measurement schemes for dipole illumination in Section 4. The measurement simplicity will become clear in this section. Section 5 extends the theory to other applications, to include quadrupole and full-pupil measurement. A temporal coherence monitor, a variation of the LPR, is introduced in Section 6. Finally, Section 7 describes mask making requirements.
Concept: Linear Phase Ring
Due to the circular nature of the lenses in a lithographic imaging system, an arbitrary clear field location B in the object plane (reticle) will contribute electric field to any other arbitrary location C in the image plane (wafer) dependent on the magnitude and phase of the point spread function centered on point B. This is commonly known as the proximity effect. By reciprocity, we can say that the influence on point C by any and all mask locations is simply the point spread function centered on point C. Thus, if a pattern that resembles the phase of an Airy pattern (a series of concentric rings of alternating 0 and 180 phase) is placed on the mask, a plane wave normally incident on the mask will spill electric field coherently into the center of the pattern. In other words, this two-phase mask pattern will act as a detector for an illumination spot in the center of the pupil. Illumination from any location not near the pupil center is not "spilled" into the center.
This mask pattern can be altered to detect an illumination ray from any location in the pupil. First, the Airy function is multiplied by a constant linear phase corresponding to the desired target location. The LPR mask pattern is then realized as the phase of this expression, as Figure 1a , becomes a detector for an illumination ray located at position (T x , T y ) in the pupil, normalized to the numerical aperture (NA) of the projection lens. The ideal phase distribution has been rounded to the nearest 90º to comply with conventional mask making capabilities. However, a test mask with finer phase steps might also be directly written with an electron beam in a resist system such as HSQ, potentially offering a very cost effective method to fabricate LPRs and other PSM test structures. 6 Figure 1b shows how an incident plane wave from the target design illumination location is redirected to coherently spill electric field into the center position. The intensity in the center position will achieve a maximum when an illumination ray coincides with the target design (T x , T y ) and will decrease with increasing angular deviation from that location.
Since the linear phase variation for each illumination pupil position is unique, an LPR designed for a certain illumination location will be orthogonal to all other pupil locations. Furthermore, the mask design will generally be orthogonal to Zernike polynomials and will be unaffected by lens aberrations. However, we note that in some single-ring applications the LPR will be sensitive to rotationally symmetric aberrations such as defocus.
Theory: Target Sensitivity:
In order to design the LPR for a particular application, we first develop a theory for the sensitivity of the pattern to the incident illumination. Sensitivity is defined as the change in center intensity (from the maximum) as the actual illumination ray (from σ x , σ y ) deviates from target design (T x , T y ). The proximity effect spillover from any location B to the center of the pattern is found by considering at location B the magnitude and phase of the Airy function (centered at C), the phase of the incident illumination (Φ illum (B)), and the phase change induced by the LPR (Φ LPR (B)) as follows: This will, in general, be a complex number. However, since the lens system is real, to determine the influence of the entire target on the center position, we simply take the real part of this function integrated over the LPR area:
The main point of interest here is that the LPR's sensitivity is only a function of the difference between the actual illumination (σ x , σ y ) and the target design (T x , T y ), as well as the number of rings in the LPR.
To This influence function is a representation of the amount of electric field that would coherently spill into the center position from each location in the target. Thus, integrating over this function will determine the relative coherent spillover of the LPR. We see that illumination from the target design location (Figure 1c ) results in 100% of the maximum influence, whereas illumination from the alternate location contributes only 37% of the maximum. These numbers refer to the electric field at the center position and the expected measured intensity is simply the square of the electric field.
To gain a better understanding of how sensitivity depends on LPR design, we consider the electric field contribution to the center position ring by ring. The above relation can be rewritten as follows to show the influence of each ring:
The first part of the expression is the maximum electric field contribution from the N th ring, or the total area under that ring of the Airy pattern. The second part is the sensitivity function. A plot of this function reveals the LPR sensitivity as a function of total rings, and is shown is Figure 2 . We see in Figure 2a that the relative sensitivity increases with the use of more rings. However, the total intensity at the center location (Figure 2b ) also increases, resulting in a huge signal of about 10 times the clear field for an LPR with all 11 rings.
Improvement in sensitivity at the expense of the excess signal is attained by simply eliminating some of the inside target rings. Furthermore, the addition of a probe, a small sub-printable feature at the center of the mask pattern, can allow for improved sensitivity due to the coherent addition of the electric field from both pattern and probe. For a single ray of illumination, the intensity in the center position becomes: I C = (E probe + E pattern ) 2 and the gain due to the presence of the probe is: Gain = 2 (E probe / E pattern ).
However, the use of the probe has both advantages and disadvantages, and is useful only when the size of the illuminator under analysis is fairly small. For a small illumination spot resulting in a single illumination ray, the use of a probe and hollow pattern has both increased angular discrimination and signal detection. Figure 2c shows an example of an LPR with a probe and only the 9 th ring. Sensitivity of this one ring LPR with probe is compared to an LPR consting of only a 5 th ring and probe in Figure 2d . The signal in this case becomes the center intensity from both pattern and probe compared to the intensity of a nearby identical, but isolated, probe. Iso-probe intensity is shown in Figure 2d as a straight line, constant with angular deviation. Larger ring radius results in better angular discrimination, which is also evident mathematically by the expression above as increasing ring number (N) is considered. For single ring targets with a probe, the resolution of the LPR is approximately inversely proportional to the size, and is given in pupil coordinates roughly as 0.5/ring number.
The disadvantage of the probe appears when the illuminator under analysis is large. For example, if two small dipoles are considered, the pole from a location different than the target design will contribute electric field to the center position through the probe, but not the pattern. Thus, illumination from any other location will add an incoherent, noisy probe contribution as follows: I C = (N-1) I probe + (E probe + E pattern ) 2 , where N-1 is the number of rays from locations other than the target design. Clearly, the incoherent probe contributions begin to drown out the pattern signal as the illuminator size increases and the probe becomes ineffective. Thus, a probe should only be used for small illuminators. Since a probe is not used for large illuminators, no incoherent noisy contributions to the center intensity exist from rays other than from the target design. Therefore illumination from other locations will not effect the measurement when no probe is used.
To determine the validity of our proximity effect theory of target sensitivity, we compare the theory for a single ring pattern with and without the probe to SPLAT simulation in Figure 3 . With a single ray illuminator, the maximum ring contribution is shown in Figure 3a and the LPR's behavior through illumination pupil shift is displayed in Figure 3b . We see that, although relatively accurate, the theory always predicts a higher intensity than is seen in simulation. This is likely due to the assumed sinusoidal shape (factor of 2/π) in the theory and the fact that the SPLAT input files used were generated from a rectangle-fitting algorithm. Finally, for a target designed for off-axis illumination, the obliquity factor may decrease the actual amount of energy incident on the mask.
Application: Dipole Monitor
The theory developed for target sensitivity clearly shows a trade-off between angular discrimination, signal strength, the number of target rings, the probe size (if any), mask complexity, and the physical extent and location of the illuminator under analysis. Thus, optimization of these parameters must be considered in designing a monitor for a particular application. As an example, we consider a dipole illuminator with relatively small spot sizes (r spot = 0.1) and look at two methods in which these targets may be implemented.
First, Figure 4a shows how two LPRs can be used on a special test mask, each pattern optimized for one dipole. The relatively small nature of the dipoles allows for the use of a probe to increase signal sensitivity. Additionally, a target with only the 9 th , 10 th , and 11 th rings allows for a reasonable pattern to probe signal ratio, while attaining excellent angular discrimination. The mask would be exposed through dose in photoresist. Simple observation of the resist pattern with an optical microscope, or perhaps with an automated CD-SEM, allows for comparison between both poles of the dipole. If both center positions cross the resist exposure threshold and print at the same dose, then the dipoles are balanced. However, if one LPR center prints before the other, then the dipoles are unbalanced by an amount quantified by the two clearing doses.
Secondly, these targets could be placed in the scribe line of a production mask layout and referred to during manufacturing if an error in illumination is suspected. For example, Figure 4b shows multiple sets of two LPRs placed in the scribe line. Among the different sets would be a range of pattern and probe (if needed) designs offering varying signal strength. Thus, if the dipoles are indeed unbalanced, there will likely be a set of targets where one probe prints, but the other does not. This ability to monitor the state of illumination during manufacturing is unique to this technique, although the manufacturing cost associated with four phases may be an issue.
Applications: Quadrupole or Full Pupil
Other types of illumination conditions may be measured simply by altering the LPR design. For example, quasar illumination or quadrupoles similar those seen in Figure 4c can be characterized on a test mask with four targets. Due to the larger extent of the poles a probe is likely ineffective due to excess incoherent contributions it would provide. Furthermore, a high degree of angular selectivity is not desired since each target is intended to detect a relatively large portion of the pupil. Thus, targets with only the 2 nd and 3 rd rings and no probe might be most effective. Again, this test mask would be exposed through exposure dose and the doses at which the center positions print are compared. In a balanced quadrupole, all four locations should print at the same dose.
Furthermore, arranging a large number of LPRs on a mask, as shown in Figure 4d , will allow for a more general pupil characterization. Depending on the desired resolution, each target would be appropriately designed to be sensitive only to a particular region of the pupil. As an example, the signal from a target consisting of only the 9 th , 10 th , and 11 th rings (no probe) will decrease 30% of the clear field for a pupil shift of only 0.02. Thus each LPR responds only to intensity in a certain small pupil location, quantified by the dose at which its center prints. Analysis of a large number of appropriately designed LPRs provides a means to measure the full pupil-fill. However, this LPR application potentially adds cost and mask complexity and would generally not have an advantage over existing techniques.
As the relationship between LPR target geometry and angular discrimination should be clear at this point, we make an analogy to the directional gain achieved by an array of antennas. Just as multiple antennas, arranged appropriately in three-dimensional space, allow for detection of a signal from a smaller solid angle, rings of increasing radius allow for discrimination of illumination between smaller source spots.
Furthermore, a test mask with appropriate LPR designs could be used in conjunction with the pinhole camera technique to identify the absolute energy in a particular portion of the lens. By requiring overexposing the out-of-focus pinholes by up to 100 times the clear field dose, the pinhole-camera technique is often useful only for comparing relative intensities for various pupil locations. The LPR, however, allows for easier measurement of absolute local intensities in a particular pupil location at realistic operational doses. A combination of multiple techniques (pinhole camera, grating pinholes, linear phase gratings, and linear phase rings) will likely give the most accurate measurement.
Application: Temporal Coherence Monitor
A final application, based on a variation of the LPR, is to measure the degree of temporal coherence between two pupil locations. Ideally in Kohler illumination, all source points are completely temporally incoherent. This if often achieved by routing a coherent light beam (for example, from a KrF pulsed laser) through a diffuser and light pipe. However, it may be of interest if the diffuser and light pipe fail to completely randomize the light incident on a mask pattern. This could result in unwanted ringing in the aerial image and degrade feature printability.
The LPR was designed by taking the phase of the Airy pattern, multiplied by a linear phase associated with one pupil location. However, if the LPR design is the phase of an Airy pattern multiplied by the difference in linear phase from two symmetric pupil locations, we get the following expression for the electric field spilled into the center of the pattern:
The term in brackets is the LPR design, which for symmetric target design locations, simplifies
. When the phase of the term in brackets is realized on a mask, we see in Figure 5a that the design only requires two phases for the pattern rings. However, a 90º probe is required to interact with and measure the imaginary portion of the expression above since we are only concerned with a difference in phase. Thus, considering illumination only from the two symmetric target design locations and assuming comparable intensities, the degree of coherence between the locations is measured. If the illumination from these two pupil locations are completely temporally coherent (i.e. ϕ(t) is constant with time), then the target will cause the electric fields spilled from the two illumination locations through the pattern to destructively interfere at the probe position. Probe intensity will be at a minimum and will be due to only the probe contributions. Conversely, if the two locations are completely temporally incoherent (ϕ(t) is random), as they should be, the target will simply average the two location intensities. A theoretical plot of this behavior is seen in Figure 5b , which displays the decrease in probe position intensity with an increasing degree of coherence.
Mask Making Requirements
The dimensions of interest for the LPR are the radius, linear phase period, probe size and phase depth. The ring outer radius of the Nth ring is determined by the Airy pattern as approximately:
, where M is system magnification. The period of the phase regions is dependent on the target design illumination spot (σ Target ) as:
If used, the diameter of the probe is arbitrary, but must be designed appropriately to provide a signal on order of that from the pattern for the illuminator under analysis. Generally, the probe diameter will be about
. Finally, the maximum phase depth for the 270° region is about 1.5λ, assuming an index of refraction of 1.5. Although the 3 phase etches may require special attention and cost, the mask requirements are certainly within current mask making capabilities.
The authors have analyzed toleration requirements for fabrication of a 4-phase linear grating reported in [5] . Although LPR CD and phase toleration requirements are not addressed here, the similarity of the 4-phase implementations imply fairly robust LPR tolerances.
Conclusion
The linear phase ring, a phase shifting mask pattern, has been introduced to create a central peak intensity for monitoring the illumination distribution. The large available signal and illumination angular discrimination allow flexibility in the LPR design to measure most illuminators, although it is most advantageous for monitoring dipoles or quadrupoles. Measurement involves simply determining the intensity at the center of the pattern. Simulation studies of a four-phase implementation show a possible signal sensitivity of 30% of the clear field for a 0.02 pupil shift. The signal levels are sufficiently high that the monitors can be used directly in production without special exposure conditions. A similar target with only two phases can measure the degree of temporal coherence between two pupil locations. Degree of Coherence Relative Probe intensity
